Background: Reports on common mutations in neuroendocrine tumors (NET) are rare and clonality of NET metastases has not been investigated in this tumor entity yet. We selected one NET and the corresponding lymph node and liver metastases as well as the derivative cell lines to screen for somatic mutations in the primary NET and to track the fate of genetic changes during metastasis and in vitro progression. Results: Applying microarray based sequence capture resequencing including 4,935 Exons from of 203 cancer-associated genes and high-resolution copy number and genotype analysis identified multiple somatic mutations in the primary NET, affecting BRCA2, CTNNB1, ERCC5, HNF1A, KIT, MLL, RB1, ROS1, SMAD4, and TP53. All mutations were confirmed in the patients' lymph node and liver metastasis tissue as well as early cell line passages. In contrast to the tumor derived cell line, higher passages of the metastases derived cell lines lacked somatic mutations and chromosomal alterations, while expression of the classical NET marker serotonin was maintained.
Background
Tumour metastasis is a multistage process in which malignant cells spread from the initial tumour to colonize the same or distant organs [1] . Sequential events during metastasis involve local invasion, intravasation, and survival in the circularization, extravasation and colonization of the host organ. An important variable is the temporal course of metastasis. Whereas breast cancer recurrences are often detected following decades of remission, lung cancers establish distant metastases within months of diagnosis [2] [3] [4] . Apparently, the capacity of cancer cells to infiltrate distinct organs and to develop macrometastases does not coincide. It is hypothesized, that during this period of metastatic latency disseminated cancer cells acquire the ability to colonize the host organ [1] . Among other factors like immunosurveillance, switches of transcriptional pathways and programmes, the local microenvironment is considered a critical determinant of metastatic outgrowth. During the latency period a local malignant (co)evolution of the disseminated cancer cell and/or the seeded microenvironment might be required for effective colonization and metastatic outgrowth. To date dissemination and metastatic outgrowth has mainly been attributed to clonally derived cancer cells. Even in advanced genetically heterogeneous primary tumors metastases appear to be of clonal origin [5, 6] , although concepts of interclonal cooperativity have been considered and tested in model systems [7] [8] [9] .
In a recent report, [10] massive parallel DNA sequence analysis revealed statistical evidence for the multiclonal origin of breast cancer metastases. By comparison of the mutation spectrum of a breast cancer patient's primary and secondary tumors, the prevalence of specific mutations was found significantly decreased or increased relative to the primary tumor. It was suggested that the patient's metastases have been formed by at least three different cell clones.
We have chosen three recently described [11] novel cell lines established from a metastatic midgut (terminal ileum) neuroendocrine tumor (NET) of the same patient together with the corresponding original tissue samples: 1) P-STS, a cell line established from the primary tumor (P-Tu), 2) L-STS, from a lymph node metastasis, and 3) H-STS, a cell line established from a liver metastasis, to screen for mutations in the P-Tu and to explore the evolution of somatic mutations and corresponding cell population kinetics during in vitro cultivation.
Results

Targeted resequencing
Using the hg18 reference sequence (ucsc genome db) we have designed a custom sequence capture array (NimbleGen 385 k technology) including 4,935 Exons from 203 cancer associated genes based on the information available via the Cancer Gene Census (http://www. sanger.ac.uk/genetics/CGP/Census/) [12] and 16 collagen genes, comprising a total of 1.4 Mb of genomic information for enrichment and subsequent 454 GS FLX Titanium based parallel re-sequencing (Additional file 1: Table S1 ). Primarily, only cancer-associated genes known for and characterised by missense mutations, stop-mutations, small and large in/del mutations as well as frame-shift mutations were included in the design of the capture array.
Sequencing of~70 Mb of target-enriched genomic information per sample (Table 1 A) was sufficient to achieve an average of > 25-fold coverage of the target region. 63-79% of the reads mapped to the target region with > 80% of target bases covered at least 5-fold (Table 1 A) . 4,489 high-confidence sequence variants were detected for the P-Tu sample using the standard GS Reference Mapper tool (UCSC hg18 built, SNPdb built130), with 3,961 of these representing known variants. 280 variants were detected within the exonic sequences. 27 of these variants were novel; 24 thereof non-synonymous. (Table 1 B and Additional file 1: Table  S2 A). We could identify four genes (SDHB, COL4A3, LIFR, HIST1H2BA) with known mutations observed in all samples as can be seen in the Venn diagram ( Figure 1 ). The fraction of non-synonymous to synonymous sequence variants among the newly identified variants was disproportionately higher (> 5-fold) compared to the ratio within the known variants (Table 1 B) indicating a substantial fraction of these variants to be of somatic origin. Although all samples were sequenced to approximately the same coverage, the L-STS p49 and H-STS p42 cell lines lacked the variants identified in the P-Tu and did not show sample specific variants ( Figure S1 ).
Sanger sequencing of BRCA2, CTNNB1, ERCC5, HNF1A, KIT, MLL, RB1, ROS1, and SMAD4
Six of the novel heterozygous missense variants (BRCA2, ERCC5, KIT, MLL, SMAD4, and ROS1) and three frameshift sequence variants of RB1, HNF1A and CTNNB1 identified in the P-Tu sample were selected for further investigation (Table 1 C). None of these mutations was detectable in blood derived DNA of the same patient by Sanger sequencing proving the somatic origin of the mutations. All variants were heterozygous and detectable in both metastases (9/9 variants) and the corresponding cell lines H-STS (9/9) and P-STS (9/9) at lower passages (passage 7 for H-STS, and 14 for P-STS; Table 2 ) whereas the L-STS at passage 9 has already lost the mutant alleles and displayed only reference/wild-type allele information (Table 2 ) for all nine investigated markers. None of these sequence variants initially detected in the P-Tu tissue and in cell line P-STS was found in the metastasis derived cell lines L-STS and H-STS at higher passages (passages 41, 49, and 42 respectively).
High-resolution melting curve analysis
To evaluate, whether the sequence variants might still occur albeit at lower frequency eventually in form of a minor (background) cell population, we implemented high-resolution melting curve analysis for MLL (missense variant) and RB1 (frameshift mutation). Using mutation specific HRM assays with a 10% minor variant detection limit, we confirmed heterozygosity of the variants in the P-Tu sample as well as the higher passages of P-STS sample and the absence of a ≥ 10% subpopulation in the L-STS p49 and H-STS p42 cell lines (Additional file 1: Figure S2 ).
Sequencing of TP53 variants
Two TP53 sequence variants (SNP rs1042522, p.R72P and mutation c.C817T encoding p.R273C; Table 1 C) were identified in the P-Tu sample, whereas the data from the P-STS p41 indicated homozygous mutant TP53 sequence information (100% of the reads; total of 28 reads). The TP53 c.C817T mutant was not detectable in L-STS p49 and H-STS p42 by next-generation sequencing, revealing only wild-type sequence reads. The known TP53 SNP rs1042522 was confirmed heterozygous in the blood DNA sample, whereas the c.C817T mutation was not detectable in this reference DNA, validating the somatic origin of the known TP53 mutation. Accordingly, Sanger sequencing confirmed heterozygosity for both TP53 sequence variants in the P-Tu and the metastatic tissues (liver and lymph node). As observed for the previously described gene panel, H-STS p42 and L-STS p49 cell lines exhibited a loss of the mutant allele information at higher passages and in H-STS p7. In contrast, P-STS p41 exclusively exhibited the TP53 sequence variant at higher passages, which was a result of a copy neutral loss of heterozygosity after passage 14, as determined by complementary methods (e.g. microarray based CNV analysis; Additional file 1: Table S4 ). Complete Submission SRA055939; pTU SRR521279; hSTS SRR521655; pSTS SRR521658; lSTS SRR521659.
Chromosomal copy number (CN) analysis using Affymetrix 6.0 CNV/SNP arrays To evaluate, whether chromosomal imbalances (especially loss of heterozygosity; LOH) might have contributed to the selective loss of the variant alleles we performed copy number (CN) and genotype analysis using Affymetrix 6.0CNV/SNP Arrays (Additional file 1: Table S4 ). We did not observe any CN alterations for the L-STS p49 and the H-STS p42 cell lines. The primary NET (P-Tu) displayed a single copy neutral LOH Table 1 Statistics on sequence capture based resequencing Figure S3 ). Both metastases tissues (L-Met and H-Met) displayed the same copy neutral LOH at chr.3 as the P-Tu, without the indication of further chromosomal alterations. CN data are summarized in Additional file 1: Table S4 . In-depth analysis of the CN probes and genotypes at the genetic loci of BRCA2, ERCC5, KIT, MLL, SMAD4, ROS1, RB1, TP53 and HNF1A revealed unchanged CN (n = 2) with interspersed heterozygous genotypes (Additional file 1: Figure S4 a-i). In contrast, the expected loss-of-heterozygosity (LOH) at the TP53 locus of the P-STS sample turned out to be a copy number neutral LOH, resulting from an early loss of the wild-type allele followed by re-duplication of the mutant allele (Additional file 1: Figure S4 e) (complete array data are accessible trough GEO Series accession number GEO Accession Nummer: GSE39371; GSM966942 primary tumor p-TU; GSM966943 cell line H-STS; GSM966944 cell line L-STS; GSM966945 cell line P-STS).
Immunofluorescence analysis for serotonin (5-HT) on a confocal scanning microscope
Immunocytochemical characterization in former studies [11] showed an expression of pancytokeratin, cytokeratins 
Discussion
While chromosomal aberrations are frequently found in midgut NETs [13] [14] [15] , reports on the observation of frequent gene mutations (SDHD, K-ras) are rare. By virtue of sequence capture based high-throughput sequencing targeting 203 known cancer associated genes; we have identified multiple de-novo somatic mutations in a primary midgut NET (P-Tu). Mutations affect genes involved in the regulation of the cell cycle (TP53 and RB1), apoptosis, senescence and DNA repair (BRCA2, ERCC5 and TP53), transcriptional regulation (MLL, SMAD4 and HNF1A) and cell signalling (CTNNB1, KIT and ROS1). Whereas these tumor-specific mutations were conserved in the patient's lymph node-and liver metastases, the heterozygous sequence variants were lost in metastases derived cell lines (H-STS and L-STS), indicating a lack of selective pressure to maintain the mutations (probability of < 0.1% for the random loss of 10/10 mutations) during in vitro-cultivation. Notwithstanding several prominent mutations in the DNA repair genes, no increase in the number of mutations or CNVs was observed in the L-STS and H-STS, whereas the P-STS acquired multiple chromosomal alterations during in vitro cultivation not evident in the P-Tu. The only chromosomal alteration observed for the PTu and the metastases is a copy neutral LOH on chromosome 3p21-p26. Among the DNA mismatch repair gene MLH1 (3p21.3-p23) and the DNA repair gene XPC (3p25.23), which is frequently found mutated in Xeroderma pigmentosum syndrome type C [16] , this locus contains the VHL (von Hippel-Lindau) tumor suppressor gene. Germline mutations of VHL have been reported in patients with the von Hippel-Lindau disease, a familial cancer syndrome. All three genes were covered by the sequence capture array and sequenced to sufficient depth to identify eventually occurring variants in coding sequences. Nonetheless, no exonic sequence variants were observed for these genes, although any variants affecting gene regulatory regions might be missed by our enrichment approach.
The P-STS cell line acquired several aberrations frequently observed in lung and midgut NETs (loss of chromosome 3p, gain of 17q and mutation of TP53) [13] . Reduplication of one parental allele coinciding with loss of the other allele inevitably leads to a copy neutral LOH indicated by homozygosity and a CN of 2 at the respective region. We observed this event at the TP53 
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locus (chr.17p11-ter) during passaging of the P-STS cell line. It has been shown in a previous study that tumorigenicity of both metastases derived cell lines (20% and 60% for L-STS p45 and H-STS p40) in SCID mice was substantially decreased compared to the P-STS p25 (100% tumorigenicity) cell line [11] . Poor survival and increased aggressiveness in lung NET patients have been attributed to mutations in the TP53 gene [17] , which might be mirrored by the differing tumorigenicity of the cell lines in SCID mice and the concordant bi-allelic deletion of TP53 in the P-STS cell line. Heterozygosity at the BRCA2, CTNNB1, MLL, SMAD4, ERCC5, RB1 and KIT chromosomal loci and a CN of 2 indicate that another mechanism must have lead to the loss of the mutations during in vitro cultivation. Maintenance of serotonin expression in the L-STS and the H-STS throughout cell passaging proves a classical NET characteristic [18] of the cell lines. It is highly unlikely that all the DNA alterations observed in the primary tissues were selectively repaired during in vitro cell expansion almost in parallel (in early passages) and indepently in both cell lines (L-STS and H-STS). We presume that a minor NET cell population bearing none of the mutant alleles, which must have already been present during metastasis, has overgrown and replaced the initially dominating mutant H-STS and L-STS cell lines in parallel. This hypothesis implies the intriguing fact that metastasis formation and/or outgrowth must have involved a multiclonal complex comprising at least two different NET cell populations. This could have happened in two ways, either by dissemination of a multicellular complex consisting of at least two genotypically different NET subclones or by a stepwise process where the newly established metastasis has attracted other circulating tumor cells to associate. It is likely that the reported different tumorigenic properties in SCID mice are directly linked their genomic alterations. Additionally, the parallel finding of metastatic bi-clonality might indicate commensal biological tasks during metastases formation. Various biological effects might underlie this interdependence. A non-mutant (or less mutant) tumor cell population will be less immunogenic thereby protecting early metastatic outgrowth. Functional studies deploying mixtures of clonally expanded metastases and/or primary tumor derived Table 2 Difference confirmation by sanger sequencing (Continued)
Sequencing results as determined for the selected missense, frame-shift and SNPs variants in the primary tumor (P-TU), the metastatic tissues (H-STS and L-STS) and early and late passages of the respective tissue-derived cell lines. Het: heterozygous genotype; Hom: homozygous genotype; wt: wild-type e.g. same seq. information as observed for blood DNA. Figure 2 Immunodetection of serotonin expression at higher cell passages (P-STS P49, L-STS P42 and H-STS P41). The KRJ neuroendocrine tumor cell line was used as positive control (data not shown). Preadsorption (pa) with serotonin creatinine sulphate complex (pa P-STS, pa L-STS, pa H-STS) was done to obviate unspecific binding.
subpopulations in immunodeficient mice might be suited to further investigate the biological principles in an appropriate environment.
Conclusion
In our study, we demonstrate the bi-clonal origin of two metastases of a NET patient using DNA-enrichment followed by massive parallel resequencing and based on invitro selection identify and genetically characterize the clonal partners. In our discussion, we propose a model of clonal interdependence during metastases formation as the underlying biological mechanism. Nevertheless, interclonal dependence during metastasis formation might offer another avenue for the development of anti-cancer strategies.
Methods
Cell lines and cultivation (Pfragner et al. 2009 ). Cell cultures were periodically checked for mycoplasma contamination. During this study, cell line batches from low passage (< 15) and high passages (> 15) were used.
Confocal laser scanning microscopy
Suspensions of P-STS, L-STS, and H-STS were analyzed for serotonin (5_HT) immunoreactivity. The KRJ-I NET cell line served as positive control (data not shown). Negative controls were incubated in buffer instead of the primary anti-serotonin antibody. The primary antiserotonin antibody was preadsorbed at a dilution of 1:2.000 in 1 mM serotonin creatinine sulphate complex (Sigma, Vienna, Austria) for 1h at 37°C. For immunofluorescence, cells were fixed in 2% paraformaldehyde for 15 min, incubated in.blocking solution for 30 min at RT and incubated for 16-24 hours at 4°C with the primary antibody (polyclonal rabbit-anti-human serotonin; Acris Immunostar, Hudson, WI). After incubation with goat-anti-rabbit-Cy3 antibody (Jackson, Suffolk, UK) for 2 h at RT in the dark the cells were analysed on a confocal laser scanning microscope (Leica TCS SP2; Leica Lasertechnik GmbH, Heidelberg, Germany). Scanning parameters were adjusted for each cell type using its pre-adsorption control.
Sequence capture array design
A custom tiling NimbleGen 385 k sequence capture array targeting the exonic sequences (n = 4,935) of 203 cancer associated genes and 16 collagen genes were designed and manufactured by Roche NimbleGen. The array was designed using NimbleGen's standard 15-mer frequency masking to minimize repeat content within capture probes. The probe spacing, tiling overlap, and probe length were determined by NimbleGen using proprietary algorithms. A GFF-or BED-formatted file (Additional file 2 and 3) allowing visualization of the tiled intervals by the Genome Browser (http://genome.ucsc.edu/).
Sequence capture library construction
Genomic DNA (20 μg per sample) isolated from the snap-frozen primary tumor sample and the three corresponding cell lines (P-STS, H-STS and L-STS) was processed into a capture library according to the manufacturers protocol (Additional file 1: Procedure S1).
Capture array handling
Hybridization was performed using microarrays merged with X1 mixer on the NimbleGen Hybridization System for 3 days at 42°C following the manufacturer's recommended conditions (Additional file 1: Procedures S2). Quantitative PCR (SYBR-Green based; LC480 instrument) using four internal NimbleGen control loci (NSC-0237, NSC-0247, NSC-0268, NSC-0272) was performed to estimate relative fold-enrichment (data not shown).
GS FLX sequencing
The amplified capture libraries were processed into sequencing libraries for the 454 GS-FLX using the Shotgun DNA Titanium Library Construction Kit and low-molecularweight DNA (without the nebulisation step) protocols (454 Life Sciences, Branford, CT) according to the manufacturer's recommended conditions. Each captured sample library was sequenced using a quarter of a Titanium PicoTiterplate (70x75) run on the GS-FLX platform.
Data analysis -Variant detection and annotation
High Confidence Differences were calculated using the GS Reference Mapper assembly package (version 2.0.00.20; Roche Diagnostics) and hg18 reference sequence and SNPdb built 130 (Additional file 1: Procedures S3).
Sanger sequencing
Sequence variants observed by NGS sequencing were reevaluated by Sanger sequencing. PCR products were purified using Nucleo Fast W (Macherey-Nagel, Düren, Gemany) clean up PCR plates according to the manufacturer´s protocol. Following purification, capillary sequencing reactions were performed using Applied Biosystems BigDye Terminator v3.1 Ready Reaction Cycle Sequencing Kit (Foster City, CA). Sequencing reactions were purified using Sigma Spin Post Reaction Clean-up Plates (Sigma-Aldrich, Austria) and run on an
